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Abstract 
Self-assembly is the spontaneous and reversible organization of components into ordered structures, representing an alternative to 
the conventional manufacture of systems made of components from milli to nano scales. First commercial applications of self-
assembly have appeared in recent years, for example in the fabrication of radio frequency identification (RFID) tags. However, 
the full impact of this new approach towards heterogeneous system integration will only be realized once self-assembly can be 
programmed on demand. A key concept is the “programmable surface” – an interface whose properties can be controlled with 
high spatial and temporal resolution. Several crucial topics are discussed: real time control of interfacial properties; optimization 
of binding site designs; and algorithms for the modeling and control of self-assembly. Promising novel manufacturing methods 
are emerging that combine the precision and reproducibility of semiconductor fabrication with the scalability and parallelism of 
stochastic self-assembly and with the specificity and programmability of biochemical processes. 
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1. Motivation: the growing need for assembly 
Microassembly is a technique for producing complex microstructures and systems by integrating 
microcomponents made in separate manufacturing processes. Two-dimensional microassembly mounts components 
on a flat substrate, and 3D microassembly produces structures with a more intricate spatial geometry. Both 2D and 
3D microassemblies are needed for mass production of microdevices. For example, a radio frequency identification 
(RFID) tag consists of a silicon microchip and an antenna. The antenna powers the tag and exchanges data between 
the chip and a neighboring RFID reader. The key to efficient fabrication of RFID tags lies in the rapid replacement 
of the small, more expensive silicon microchips with the larger, cheaper antenna substrate. Another example for a 
microassembly is smart dust, i.e., collections of tiny distributed nodes that integrate sensing capabilities with signal 
processing and can organize into a communications network. These systems are emerging as commercial products, 
and microassembly techniques play an important role in mass production of such microscale devices. 
1.1. Monolithic fabrication vs. hybrid integration 
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 Monolithic fabrication constructs a whole device step by step from a single substrate. In contrast, hybrid integration 
constructs a device by combining various components from different techniques or processes. For devices with 
simple structures, monolithic fabrication has advantages such as compact layout and easy encapsulation. But many 
fabrication processes and materials are not compatible with one another, and thus microdevices having complex 
functionalities or structures must be constructed by hybrid integration of multiple units from several different 
fabrication processes. Additionally, hybrid integration has another significant advantage for product developers. A 
complex microsystem can be broken down into multiple distinct units. Each unit is then assigned to a separate 
process engineer or group. Each unit can be separately optimized in design and fully characterized before 
integration. Units of the same type can be fabricated at the highest spatial density on a single substrate to save 
fabrication costs.  
1.2. Packaging: die level vs. wafer level 
Typically, packaging of microdevices involves three process steps:  
(1)  placement of microdevices with correct face and in-plane orientations on receptor sites, 
(2)  permanent bonding of microdevices with electrical interconnections to the substrate, 
(3)  encapsulation of the bonded device components for protection from the environment. 
The choice of bonding method depends on the placement of microdevices: flip chip bonding is used for 
microdevices with electrical interconnects facing the substrate and wire bonding is used for microdevices with 
electrical interconnects facing the same direction as their counterparts on the substrate. A flip chip bonding process 
achieves electrical and mechanical connections simultaneously, and the electrical connections are established in 
parallel. A wire bonding process attaches a microdevice to the substrate to form mechanical connections before 
serial establishment of electrical connections. Die-level packaging assembles individual microcomponents after they 
are diced from a wafer. Wafer-level packaging simultaneously assembles all the devices on the same substrate 
before they are diced into individual devices, i.e., wafer-level packaging process is parallel assembly whereas die-
level packaging is serial assembly. 
2. Background: state of the art in microassembly 
2.1. Deterministic vs. stochastic 
Microassembly approaches, aimed at achieving highly efficient assembly of a very large number of 
microcomponents, can be classified into two major categories: deterministic and stochastic. In a deterministic 
assembly process, each part is assigned to a specific receptor site, e.g., as in wafer-to-wafer transfer of 
microstructures. In a stochastic assembly process, each part can be attached to any of the specifically designed 
identical receptor sites. The term selfassembly usually describes such stochastic assembly approaches, owing to the 
property that the assembly takes place in a spontaneous manner with components of a specific design. 
2.2. Serial vs. parallel 
The number of parts assembled at a time on a single platform defines the property of an assembly process: serial 
or parallel. In a serial assembly process, only one part is assembled at each time, for example, as in robotic pick-and-
place assembly methods. In a parallel assembly process, multiple parts are assembled simultaneously, which can 
achieve a higher throughput. Both wafer-to-wafer transfer of microcomponents and self-assembly are parallel 
processes. 
2.3. Surface mount vs. 3D assembly 
Surface mount technology (SMT) was fully established in the 1980s, when circuits became more and more 
complex so that through-hole component mounting techniques were no longer economically or technologically 
feasible. The limitations in conventional printed circuit (PC) board technology motivated circuit design engineers to 
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develop SMT. SMT keeps components and their interconnecting leads on one PC board surface, rather than feeding 
the component leads through the circuit board. SMT employs a solder to provide electrical and mechanical 
connections between components and PC boards. Compared with conventional through-hole mounting techniques, 
SMT possesses many prominent benefits such as reduced component size, increased circuit density, reduced PC 
board size, reduced weight, increased interconnecting leads density, and improved high-frequency performance. No 
single electronic assembly technology is perfect for satisfying all circuit design constraints. Current SMT also has 
some significant limitations such as poor heat dissipation, thermal mismatch, and decreased mechanical bonding 
strength of solder. SMT has a wide range of applications in packaging IC or microelectromechanical systems 
(MEMS) components, e.g., chip-on-board (COB) and multichip modules (MCMs). 
Robotic assembly is a serial deterministic method widely used in industry to assemble a variety of components. 
This assembly approach has three major steps: 
(1)  feed parts, 
(2)  pick and place parts, 
(3)  affix parts in specified position and orientation. 
During a typical part feeding step, randomly agitated components move through a series of mechanical filters so 
that finally they show appropriate face and in-plane orientations. Then robotic grippers pick up these components 
and transfer them to targeted sites to complete the assembly. This is a serial assembly process. Different part feeding 
mechanisms are required by various types (geometry or material fragility) of components. Zyvex Corporation has 
constructed small semiautomated robotic systems for microscopic and nanoscopic assemblies. Flat silicon 
microcomponents are a big challenge for part feeding since they are symmetrical except for negligible differences in 
geometric features on some surfaces, such as interconnecting pads. Depending on the degrees of freedom of the 
gripper, robotic assemblies can achieve 2D surface mount or 3D assembly. A system in package (SIP) comprises 
multiple components integrated into a single package. In a typical SIP, components can be stacked vertically with 
3D electrical interconnections; thus SIPs tend to be compact with much less parasitic capacitance and inductance. 
Self-Assembly 
Self-assembly techniques for component-to-substrate assembly are mainly based on energy minimization. A 
substrate is patterned with an array of energy traps. The types of energy traps include inertial, interfacial, 
electrostatic, and magnetic energies. On an assembly substrate, agitated components are attracted to these energy 
traps and then permanently attached. Thus, components self-assemble to receptor trap sites on the substrate. 
Compared with SMT and robotic pick-and-place assembly methods, self-assembly techniques have several major 
advantages such as easy handling of components with size in microdomains, fast parallel assembly, and self-
alignment with high accuracy. 
2.4. 2D vs. conformal vs. 3D 
A 2D conformal self-assembly process positions microcomponents on a rigid or flexible substrate, and the flat 
components attach directly to the substrate, i.e., assembled components are conformal with the substrate surface. 
This is the most common type of self-assembly, since patterning of energy traps on a substrate is straightforward 
with current microfabrication and surface modification techniques. 
Three-dimensional self-assembly of microcomponents poses more challenges to currently available 
microfabrication techniques than does 2D selfassembly. Some simple 3D microstructures have been constructed by 
self-assembly processes based on shape matching and interfacial energy minimization, but this bottom-up 
fabrication method for complicated 3D microstructures still requires more breakthrough innovations in 
microfabrication techniques and assembly mechanisms. 
2.5. Hard-coded vs. programmed 
Depending on whether the probability for parts to attach to receptor sites can be adjusted by varying conditions, 
self-assembly processes can be categorized into hard-coded or programmed types. In a hard-coded assembly 
process, each receptor site has a constant probability to attach a part at any time. In a programmable assembly 
process, a receptor site has different affinities for a part under different conditions such as assembly environment 
and surface hydrophobicity, i.e., a receptor site can be turned on (an energy trap) or off (at the same energy level as 
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Fig. 1: Dry self-assembly of millimeter-size silicon parts on a 4-inch 
wafer. Unique orientation is achieved by matching shapes that mate 
during stochastic parts delivery. Reprinted from [5]. 
 
Fig. 2: Programmable multi-batch self-assembly of silicon parts (side 
length: 1 mm). Individual binding sites are activated or deactivated via 
electrochemical modulation of surface energy. Each batch of parts is 
delivered in a bulk stochastic self-assembly process. Multiple batches 
of parts are assembled in sequence. Reprinted from [9]. 
 
Fig. 3: Self-assembly of sub-millimeter parts with the DUO-SPASS 
process. Assembly is not limited to rectangular arrays; in the above 
demonstration, the parts are arranged in a radial pattern with a specific 




Fig. 4: 790 µm square parts transferred to a palletizing plate via 
capillary action: (a) a partial view of an array of hydrophilic receptor 
sites covered with water droplets; (b) parts were transferred and stand 
vertically; (c) water steam condensation was introduced on the 
palletizing plate; (d) parts attached to receptor sites. Reprinted from [6]. 
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